| INTRODUCTION
HIV-1 uncoating is the shedding of monomeric capsids from the retroviral core, which is composed of ~1,800 monomers of capsid, in the cytosol of the cell. Capsid plays a fundamental role in the early steps of HIV-1 replication, such as reverse transcription and nuclear import. Over the years, several proteins, drugs, and peptides that target capsid have been discovered: rhesus TRIM5α, [1, 2] owl monkey TRIMCyp, [3, 4] PF74, [5] [6] [7] [8] [9] BI-2, [9, 10] CAP-1, [3, 4, [6] [7] [8] [9] [10] [11] [12] Ebselen, [1, 2] the peptide CAI, [9, 13, 14] and others. From studies using these proteins, drugs, and peptides, we have learned much about the early steps of HIV-1 replication: (i) reverse transcription occurs before or during uncoating, [3, 4, [6] [7] [8] [9] [10] [11] [12] 15] (ii) the decreased stability of the HIV-1 core, acceleration of uncoating, caused by rhesus TRIM5α, owl monkey TRIMCyp, the smallmolecule PF-74, or the small-molecule Bi-2, prevents HIV-1 infection, [3, 8, 9, 13, 14, 16] (iii) the increased stability of the HIV-1 core, inhibition of uncoating, caused by the cytoplasmic expression of human CPSF6 or human MxB, similarly prevents HIV-1 infection, [17] [18] [19] and (iv) inhibition of reverse transcription increases stability of the HIV-1 core. [5] Altogether this evidence indicates that the HIV-1 uncoating process is fundamentally linked to reverse transcription. Our previous studies suggested that genetic or pharmacological inhibition of HIV-1 reverse transcription (i) stabilizes the HIV-1 core and (ii) makes the HIV-1 core resistant to the destabilizing effects of rhesus TRIM5α. [5] These findings are in agreement with the hypothesis that the surface of the core is dynamic and could expose and hide protein domains-viral breathing-depending on changes within or outside the core, as shown for other viruses. [20, 21] The process of exposing and hiding domains or epitopes on the surface of the core creates a communication system between the core and its environment. This communication could be important for the core to sense the appropriate place and time to undergo uncoating and reverse transcription. Although progress has been made, several questions remain: (i) What triggers initiation of uncoating?
(ii) What triggers initiation of reverse transcription? (iii) How are these processes connected? The understanding of mechanisms used by novel inhibitors of early steps of HIV-1 replication will certainly help answering some of these questions. Because finding additional small-molecule inhibitors that target early steps of HIV-1 infection will help the better understanding of these processes, this work characterizes the HIV-1 steps that are affected by the novel HIV-1 inhibitor 6-(tert-butyl)-4-phenyl-4-(trifluoromethyl)-1H,3H-1,3,5-tria zin-2-one (3G11).
| METHODS AND MATERIALS

| Cell lines
Human HeLa (ATCC ® #CCL-2), dog Cf2Th cells (ATCC ® #CRL-1430), and CHME5 were grown in DMEM supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin.
| Purification and assembly of HIV-1
CA-NC complexes
The HIV-1 CA-NC protein was expressed and purified as described previously. [22] HIV-1 CA-NC particles were assembled in vitro by diluting the CA-NC protein to a concentration of 0.3 mm in 50 mm Tris-HCl (pH 8.0), 0.5 m NaCl, and 2 mg/ml DNA oligo-(TG)50. The mixture was incubated at 4°C overnight and centrifuged at 8,600 g for 5 min. The pellet was resuspended in assembly buffer (50 mm Tris-HCl [pH 8.0], 0.5 M NaCl) at a final protein concentration of 0.15 mm, and stored at 4°C until needed.
| CA-NC stability assay
CA-NC stability assay was performed as described previously. [9, 23] Briefly, CA-NC tubes [assembled in 50 mm TrisHcl pH 8.0, 0.5 m NaCl, and 2 mg/ml DNA oligo(Tg)25 (50-bp long)] were incubated with either stabilization buffer (10 mm Tris-HCl pH 8.0, 10 nm KCl, 2 mm MgCl 2 , 0.5 mm DTT) or destabilization buffer (20 mm Tris-HCl pH 8.0, 10 nm KCl, 2 mm MgCl 2 , 0.5 mm DTT, 1% glycerol, 0.1% NP40) for 1 hr at room temperature in the presence of increasing concentrations of 3G11. An aliquot of this mixture was referred to as "input." The mixture was spun through a 70% sucrose cushion at 100,000 g in a SW55 rotor (Beckman) for 1 hr at 4°C. After centrifugation, the pellet was resuspended in 1× SDS-PAGE loading buffer. The levels of HIV-1 CA-NC protein in the input and the pellet were assessed by western blotting using anti-p24 antibodies.
| Infection with viruses expressing GFP
Recombinant HIV-1-GFP, HIV-2-GFP, SIV mac -GFP, BIV-GFP, FIV-GFP, EIAV-GFP, N-MLV-GFP, B-MLV-GFP, and MO-MLV-GFP viruses were prepared as described previously. [24] Recombinant viruses were pseudotyped with the VSV-G glycoprotein. For infections, 24-well plates were seeded with 25,000 Cf2Th or HeLa cells and incubated at 37°C with virus for 24 hr. Two hundred fifty microliters of medium was added and cells were returned to culture for another 24 hr. GFP-positive cells were analyzed using a flow cytometer (Becton Dickinson).
| Real-time PCR to detect HIV-1 late reverse transcripts (LRTs) and 2-LTR circles, and formation of the HIV-1 minus strand DNA
Total cellular DNA from infected cells was isolated using the QIAamp DNA microkit (Qiagen) at 7 hr (LRT) and 24 hr (2-LTR) postinfection. Before infection, viruses were treated for 30 min at 37°C with 1,000 U of DNase I (Roche). As a control of the experiment, we performed infection in the presence of 10 μm nevirapine and heat-inactivated viruses for 30 min at 100°C. We measured late reverse transcripts using the following primers and probe: forward primer GACGTAAACGGCCACAAG, reverse primer GGTCTTGTAGTTGCCGTCGT, and probe 5′/56-FAM/ CCTACGGCAAGCTGACCC/36-TAMSp/-3. A standard curve was created using the GFP sequence of the HIV-1 reporter virus. Similarly, for the detection of 2-LTR circles, we used the following primers and probe: forward primer ACCTAGGGAACCCACTGCTTAAG, reverse primer TCC ACAGATCAAGGATATCTTGTC, and probe 5-/56-FAM/ ACACTACTTGAAGCA CTCAAGGCAAGCTTT/36-TAM Sp/-3. A standard curve was created using the pUC2LTR plasmid, which contains the HIV-1 2-LTR junction. β-Actin amplification was used for normalization using the following primers and probes for actin: DNA samples for real-time PCR from canine Cf2Th cells were normalized by amplification of canine actin housekeeping gene using the following primers by SYBR Green: forward primer GCATCCTGACCCTCAAGTAG and reverse primer 
| Fate of the capsid assay
The fate of the capsid assay was performed as described previously. [25] Cf2Th cells were infected with HIV-1 GFP and 
| RT inhibition assay
We examined the effect of two drugs on RNA-dependent DNA polymerization activity of RT enzyme using a 5′ 32P-labeled 17-mer primer annealed to 40-mer RNA template. Nevirapine and 3G11 were diluted so that final concentrations in the assay were 100, 10, and 1 μm. HXB2 RT protein (8 μl) at 0.79 mg/ml and 2 μl of the various drug concentrations were prebound for 10 min at 37°C. Reactions were initiated by adding prebound RT and drug to substrate mix and incubated at 37°C for 5 min. Each assay reaction (40 μl) contained 0.2 pmol of T/P (5′ 32P-labeled 17-mer DNA primer, CGCGCCGAATTCCCGCT annealed to 40-mer RNA template, GCGCGGCUUAAGGGCGAUCG UUAUAAGACGUCGGUUCGAA), 4 μl dNTPs, 25 mm TrisHCl, pH 8.0, 100 mm KCl, 2 mm dithiothreitol, 5 mm MgCl 2 , 5 μm (dT) 20, and 0.1 mg/ml bovine serum albumin. DMSO made up 5% of the reaction. The T/P extended by RT was dependent on the inhibition ability of nevirapine and our 3G11. Reactions were terminated with 100 μl of 40 mm EDTA, 99% formamide. Reaction products were immediately denatured by incubating at 95°C for 5 min. Of each 140 μl reaction, 4 μl of final reaction products were separated on a 20% polyacrylamide gel and imaged on a Bio-Rad Molecular Imager FX.
| Computational compound docking
To model interaction of compound 3G11 with HIV-1 capsid we used crystal structure of the CA-NTD in the complex with BD3 solved at 1.7 Å resolution (PDB ID: 4E91). [15] Structure of the CA-NTD/BD3 complex (PDB ID: 4E91) was selected as the starting template because of the similarities between the 3G11 structure and the benzodiazepine core of BD3. All modeling studies were performed using Schrodinger 2015-3 software suite and its graphical interface, Maestro. The protein pdb file was subjected to Protein Preparation Wizard and side chains of missing atoms being restored. The cyclophilin binding loop remained unmodified as it is not involved into BD3 binding. All water molecules were removed and the binding site was set as a box around BD3 molecule with a minimal distance of 10 Å from any ligand atom to the box boundary. Two stereo isomers of 3G11 were generated and optimized with Ligprep procedure. Docking was performed with Glide using first standard precision protocol. Straight docking into the crystal structure of both isomers did not return plausible poses due to steric clashes. Therefore, an alternative approach was taken. Each of the isomers was placed manually followed by induced fit minimization of side chains of residues involved in the direct contact with the ligand. Only R-isomer produced a pose with minimal perturbations, whereas S isomer failed to fit. The resulted complex was assessed by redocking using extra precision level of Glide accuracy returning Glide score of −8.663. For docking of 3G11 into HIV-2 CA, the homology model of HIV-2 capsid was generated using structure of HIV-1 CA complex with 3G11 as a template. The structure of the 3G11/HIV-2 CA complex was then optimized by energy minimization. The minimized structure was evaluated using the same docking procedure as the structure of the 3G11/HIV-1 CA complex. For docking of 3G11 to HIV-1 RT the structure of the complex of HIV-1 RT with efavirenz [26] (PDB ID: 1FK9) was selected because of the structural similarities between efavirenz and the S-isomer of 3G11. 3G11-S was docked.
| NMR analysis
15 N-labeled HIV-1 CA-NTD was prepared and purified as described previously, [27] 15N HSQC spectra were collected on a Bruker Avance 700 MHz spectrometer. The NMR buffer was 50 mm Na phosphate pH 8, 50 mm NaCl, 2 mm DTT, and 4.5% DMSO. CA-NTD concentration was 120 μm and titration spectra were collected with a [CA-NTD]:
[3G11] ratio of 1:1, 1:2, 1:3, and 1:5. Only the highest concentration spectrum is shown in Figure 4a .
| RESULTS
| The small-molecule 6-(tert-butyl)-4-phenyl-4-(trifluoromethyl)-1H,3H-1,3,5-triazin-2-one (3G11) blocks an early step of HIV-1 infection
The chemical compound 6-(tert-butyl)-4-phenyl-4-(trifluo romethyl)-1H,3H-1,3,5-triazin-2-one (3G11) was discovered as a small molecule that potentially targets capsid and inhibits infection of replication competent HIV-1 on a cellbased screen using the T cell line MT-2 (Japanese Patent #4CO86 and a recently submitted manuscript: Urano E, Miyauchi K, Kojima Y, Hamatake M, Ablan SD, Fudo S, Freed EO, Hoshino T, Komano J. A triazinone derivative inhibits HIV-1 replication by interfering with reverse transcriptase activity) (Figure 1 ). To test whether the ability of 3G11 to inhibit HIV-1 infection is early during infection, we challenged Cf2Th cells with single-round replication HIV-1-GFP viruses. As shown in Figure 2 , 3G11 blocked HIV-1 infection as potent as the small-molecule inhibitor PF74, and is much stronger when compared to the small-molecule BI-2. [9, 10, 23] The small-molecule 3G11 used at 10 μm completely inhibited infection of single-round replication HIV-1 viruses; these results suggested that 3G11 blocks HIV-1 infection at an early step such as reverse transcription, nuclear import, or integration.
| 3G11 is a specific inhibitor of HIV-1 infection
This section explores the range of viruses that 3G11 is affecting. To test the ability of 3G11 to block the replication of other lenti-and retroviruses, we challenged Cf2Th cells using the indicated viruses in the presence of 3G11. As shown in Figure 3 , 3G11 only blocks HIV-1 infection. The specific ability of 3G11 to block HIV-1 infection is shown by its inability to block HIV-2, simian immunodeficiency virus (SIV mac ), bovine immunodeficiency virus (BIV), feline immunodeficiency virus (FIV), equine infectious anemia virus, N-tropic murine leukemia virus (N-MLV), B-tropic leukemia virus (B-MLV), and Moloney murine leukemia virus (Mo-MLV). As a control, we performed similar infections in the presence of the small inhibitor PF-74. These experiments suggested that 3G11 is a specific inhibitor of HIV-1 infection.
| 3G11 binds to CA-NTD at the site facing the interior of the viral core
We used solution state NMR spectroscopy to identify the interaction site of 3G11 with the CA protein ( Figure 4a ). 15 N HSQC spectra of CA-NTD revealed that a subset of CA-NTD residues was broadened upon addition of 3G11 (Figure 4a and b). Most affected residues are located in helices 1, 2, and 3 of CA-NTD and form part of the CA-NTD structure facing the interior of the assembled core particle. Affected residues are located in the vicinity of a CA-NTD pocket that was previously observed as the binding site of small-molecule CA ligands identified in drug discovery efforts carried out by Boehringer Ingelheim such as the compound BD3 [15] (Figure 4b,c) .
Furthermore, 3G11 displays certain structural similarities to compounds shown to bind at this particular site. We used the previously published structure of a benzodiazepine compound BD3 bound to CA-NTD (PDB ID BD3 complex, bound 3G11 is largely buried in the deep interior pocket of CA-NTD surrounded by residues located in the vicinity of the helix 1 to helix 2 linker, helix 3 to helix 4 linker, and the C-terminal end of helix 7 ( Figure 4c ). 3G11 is smaller in size than BD3 or other benzodiazepine and benzimidazole CA ligands developed by Boehringer Ingelheim, and in our model, it is almost completely submerged in the CA-NTD interior and the impact of its binding on the overall CA-NTD structure is minimal, which is in agreement with our results suggesting that 3G11 does not change the stability of the HIV-1 core or in vitro assembled HIV-1 CA-NC complexes (see below). As shown in Figure 4b , 3G11 binds to a pocket composed of capsid residues V27, A31, F32, S33, M39, L56, V59, and G60. Our model reveals that 3G11 is not expected to make any direct contacts with other CA-NTD or CA-CTD domains located in the vicinity of the binding site in the assembled capsid structure (Figure 4d ). These observations suggest that 3G11 might be interfering with interactions that occur between the inside surface of the HIV-1 core with components of the HIV-1 core, such as viral RNA, reverse transcriptase, integrase, and others. We also used computational modeling and docking to assess whether 3G11 can bind to the HIV-2 CA (Figure 4c ). We find that although the differences in the amino acids composition of HIV-2 CA in the vicinity of the 3G11 binding site result in a slightly different orientation of the compound in the binding pocket, the docking score for the 3G11/HIV-2 CA complex (−8.739) is similar to that of the 3G11/HIV-1 CA complex.
| The role of capsid in the sensitivity of
HIV-1 to 3G11
The small-molecule 3G11 binds to capsid and potently blocks HIV-1 infection suggesting that 3G11 might be affecting the uncoating process of HIV-1. To measure whether 3G11 affects the uncoating process of HIV-1, we performed the fate of the capsid assay in the presence of 3G11. The fate of the capsid assay distinguishes assembled from dissembled capsid during infection. [25] For this purpose, we challenged HeLa cells with HIV-1 in the presence of 3G11 (Figure 5a ). Eight hours postinfection infected cells were harvested, and assembled cores (PELLET) were separated from disassembled capsid (SOLUBLE). As shown in Figure 5a , 3G11 did not change the stability of the HIV-1 core during infection. As controls, we used the small-molecule HIV-1 inhibitors PF74 and Bi-2, which are known to destabilize the core during infection. [8, 16] As shown in Figure 5a , 3G11 did not change the stability of the HIV-1 core during infection when compared to the use of PF74 or BI-2. These experiments allowed us to conclude that 3G11 does not affect the stability of the HIV-1 core during infection, which is in agreement with our results showing that 3G11 does not perturb capsid-capsid interaction in the hexamer. Next, we studied the ability of 3G11 to modulate the stability of in vitro assembled HIV-1 capsid-nucleocapsid (CA-NC) complexes, which recapitulate the surface of the HIV-1 core, as described previously. [9] As shown in Figure 5b , 3G11 did not increase the stability of in vitro assembled HIV-1 capsidnucleocapsid complexes at any of the tested concentrations. In addition, 3G11 was not able to destabilize in vitro assembled HIV-1 CA-NC complexes at any of the indicated concentrations ( Figure 5c ). These results indicated that 3G11 does not modulate the stability of in vitro assembled HIV-1 CA-NC complexes. The inability of 3G11 to affect core stability as measured by fate of the capsid and CA-NC stability is in agreement with our structural findings suggesting that 3G11 binds in a pocket that does not affect capsid-capsid interactions in the hexamer.
F I G U R E 3 3G11 is a specific inhibitor of HIV-1 infection. Cf2Th cells were challenged with increasing amounts of the indicated viruses in
To assess the functional role of capsid as the determinant for the sensitivity to 3G11, we utilized capsid HIV-1/SIV mac recombinant chimeras. [28] For this purpose, we tested whether HIV-1 containing the capsid protein of SIV mac [HIV(SCA)] is sensitive to inhibition by 3G11. Although 3G11 did not inhibit SIV mac infection, it potently inhibited HIV(SCA) (Figure 5d ). 3G11 did not block an SIV mac virus containing the capsid of HIV-1[SIVmac(HCA-p2)]. To control for the bona fide origin of the HIV-1/SIV mac recombinant chimeras, we showed that SIV mac and HIV(SCA) viruses were not restricted by TRIM5α rh when compared to HIV-1 or SIV(HCA-p2) (Figure 5d ). [28] In addition, we also utilized PF74, which blocks HIV-1 and SIV mac infection. Although 3G11 interacted with capsid and was isolated in a screen to target capsid, these experiments suggested that capsid is not the functional determinant for the sensitivity of HIV-1 infection to 3G11.
| 3G11 blocks the occurrence of HIV-1 reverse transcription during infection
To identify the stage at which the small-molecule inhibitor 3G11 blocks HIV-1 infection, we tested the formation of late reverse transcripts and 2-LTR circles in the presence of 3G11 using real-time PCR, as described in Section 2. For this purpose, we challenged HeLa cells using HIV-1-GFP at a MOI of 0.2 in the presence of 3G11. As a control, we also included the reverse transcription inhibitor nevirapine. Cells were collected 7 and 24 hr postinfection, and the levels of late reverse transcripts and 2-LTR circles were determined using real-time PCR, respectively. In parallel, similar infections were performed and cells were collected 48 hr postinfection to determine the amount of infected cells by measuring the percentage of GFP-positive cells. As shown in Figure 6a , 3G11 inhibits HIV-1 infection by preventing the occurrence of reverse transcription as potently as the reverse transcription inhibitor nevirapine (Nev). In agreement with a block on reverse transcription, 3G11 blocked the formation of 2-LTR circles (Figure 6a) . Overall, these results indicated that 3G11 blocks the occurrence of HIV-1 reverse transcription.
To strengthen the finding that 3G11 blocks HIV-1 reverse transcription, we measured the formation of HIV-1 late reverse transcripts and infection using increasing concentrations of 3G11. As shown in Figure 6b , HIV-1 reverse transcription and infection was completely blocked by 3G11 at 3, 5, or 10 μm. Similarly, these results showed that 3G11 blocks HIV-1 before the occurrence of reverse transcription.
Next, we investigated whether 3G11 prevents the formation of the minus strand DNA, which is the earliest measurable step on the HIV-1 reverse transcription process. To measure formation of the minus strand DNA, we challenged HeLa cells using HIV-1 GFP. Cells were collected 7 and 48 hr postinfection, and the levels of minus stand DNA and infection were determined using real-time PCR and flow cytometry, respectively. As shown in Figure 6c , the use of different concentrations of 3G11 prevents the formation of minus strand DNA. As a control, we performed similar infections in the presence of nevirapine. Overall, these results demonstrated that 3G11 blocks reverse transcription prior to the synthesis of the minus strand DNA.
| 3G11 blocks HIV-1 reverse transcriptase activity in vitro measured by a primer extension assay
3G11 blocks HIV-1 reverse transcription during infection suggesting that it is blocking the reverse transcriptase activity. To test the effect of 3G11 on HIV-1 reverse transcriptase activity, we utilized an in vitro assay that measures HIV-1 reverse transcriptase activity in a reaction that extends a radiolabeled primer, as described in Section 2. As shown in Figure 7 , 3G11 inhibits the primer extension reaction similar to the known reverse transcriptase inhibitor nevirapine. These results suggest that 3G11 has the ability to inhibit HIV-1 reverse transcriptase activity.
| Docking of 3G11 on HIV-1 reverse transcriptase revealed an HIV-1-mutant virus resistant to 3G11
Inhibition of RT activity by 3G11 suggests that the compound binds directly to the reverse transcriptase enzyme. Indeed, the chemical structure of the S-isomer of 3G11 (3G11-S) bears similarities to the chemical structure of efavirenz (Figure 1 ), a potent non-nucleoside reverse transcriptase inhibitor. We performed docking of 3G11-S into the efavirenz binding pocket using the crystal structure of the efavirenz/HIV-1 RT complex [26] (PDB ID: 1FK9). We found that 3G11 can be very well accommodated in the efavirenz binding site with a docking score of −12.802, considerably higher than the score obtained for the 3G11/ HIV-1 CA complex. Many compound-protein interactions observed in the efavirenz/HIV-1 RT complex are recapitulated in the complex of 3G11 with the enzyme (Figure 8a ). Side chains of residues L100, Y181, and Y188 line the efavirenz binding site and their mutations are frequently associated with resistance to non-nucleoside reverse transcription inhibitors (NNRTIs). [29] Furthermore, the HIV-2 reverse transcriptase contains I and L in positions corresponding to Y181 and Y188, respectively, which is thought to be the reason why HIV-2 is resistant to NNRTI compounds. We were not able to dock 3G11 into the HIV-2 reverse transcriptase binding pocket containing residues L181 and L188, which is in agreement with our observations that 3G11 does not inhibit HIV-2 replication. These observations suggested that an HIV-1 virus containing a change in residue L100 on the F I G U R E 5 HIV-1 capsid is not the determinant for the sensitivity of HIV-1 to 3G11. (a) The fate of the capsid assay was performed to test whether 3G11 affects the uncoating process of HIV-1. HeLa cells were challenged with HIV-1 in the presence of 3 μm 3G11. Eight hours postinfection cells were lyzed and separated into input, supernatant, and pellet fractions, as described in Section 2. Fractions were analyzed by Western blotting using anti-p24 antibodies. Experiments were performed in triplicate and standard deviations are shown. (b) The stability of HIV-1 CA-NC complexes was measured in destabilization buffer using increasing concentrations of 3G11, as described in Section 2. The goal of this experiment is to measure whether 3G11 has the ability to stabilize HIV-1 CA-NC complexes. Input and pellet fractions were analyzed by Western blotting using anti-p24 antibodies. As a control, the stability of HIV-1 CA-NC complexes incubated in stabilization buffer was measured. Experiments were repeated three times and a representative experiment is shown. (c) The stability of HIV-1 CA-NC complexes was measured in destabilization buffer supplemented with cellular extracts using increasing concentrations of 3G11. The goal of this experiment is to measure whether 3G11 has the ability to destabilize HIV-1 CA-NC complexes. Input and Pellet fractions were analyzed by Western blotting using anti-p24 antibodies. As a control, the stability of HIV-1 CA-NC complexes incubated in stabilization buffer was measured. Experiments were repeated three times and a representative experiment is shown. reverse transcriptase enzyme will overcome the inhibition imposed by 3G11. For this purpose, we selected the mutation L100I (HIV-1-L100I), which has been described to render HIV-1 resistant to NNRTIs. [29] To functionally test our computational findings, we tested the ability of HIV-1-L100I to infect mammalian cells in the presence of increasing concentrations of 3G11 in dog (Cf2Th) and human cells (CHME5). As shown in Figure 8b and c, the mutant virus HIV-1-L100I is completely resistant to the inhibitory effects of 3G11. These results suggested that reverse transcriptase is the genetic determinant for the sensitivity of HIV-1 to the small-molecule 3G11. Because the capsid protein is involved in the early steps of HIV-1 replication, [5, 6, [30] [31] [32] [33] [34] [35] and 3G11 was found on a screen designed to isolate capsid inhibitors (Japanese Patent #4CO86 and a recently submitted manuscript: Urano E, Miyauchi K, Kojima Y, Hamatake M, Ablan SD, Fudo S, Freed EO, Hoshino T, Komano J. A triazinone derivative inhibits HIV-1 replication by interfering with reverse transcriptase activity), we tested whether 3G11 interacts with the HIV-1 capsid protein by NMR. Interestingly, 3G11 binds to a pocket in the protein that faces the inside compartment of the HIV-1 core. This particular pocket has been previously described for other drugs. [15] Although 3G11 binds to capsid, we were unable to detect an effect of the drug on capsid stability by using the fate of the capsid and capsid stability assays. [23, 25] Furthermore, by using HIV-1/SIV mac capsid chimeras, we attempted to functionally test the role of capsid in the sensitivity of HIV-1 to 3G11; these experiments suggested that capsid is not the determinant for the sensitivity of HIV-1 to 3G11.
In separate experiments, we tested the ability of 3G11 to affect HIV-1 particle assembly, release and production to find that none of these steps were affected (data not shown). These results were in agreement with our findings demonstrating that 3G11 docks to the HIV-2 capsid but does not restrict HIV-2 infection. Next using real-time PCR, we analyzed the step on the viral life cycle at which HIV-1 is blocked during infection. These experiments demonstrated that 3G11 blocks the formation of HIV-1 late reverse transcripts during infection of human cells suggesting that 3G11 is a reverse transcription inhibitor.
Furthermore, we measured whether 3G11 affects the formation of the HIV-1 minus strand DNA, which is the first step of reverse transcription. Our investigations revealed that 3G11 blocks formation of the HIV-1 minus strand DNA suggesting that 3G11 blocks reverse transcription at a very early stage. To further characterize the ability of 3G11 to block reverse transcription, we tested the ability of 3G11 to block the HIV-1 reverse transcriptase enzyme by using a primer extension assay in vitro. In agreement with a block to reverse transcription during infection, 3G11 inhibits the enzymatic activity of the HIV-1 reverse transcriptase in an in vitro assay.
Docking of 3G11 to the HIV-1 reverse transcriptase enzyme demonstrated that the residue L100 establishes a direct contact with 3G11. These observations immediately suggested that a mutation on L100 might render HIV-1 resistant to the inhibitory effects of 3G11. As predicted, an HIV-1 virus bearing the change L100I in the reverse transcriptase enzyme renders HIV-1 fully resistant to the inhibitory effects of 3G11. This evidence establishes reverse transcriptase as the HIV-1 genetic determinant for sensitivity to the small-molecule 3G11.
| CONCLUSION
These experiments suggested that 3G11 is a non-nucleoside reverse transcription inhibitor. In agreement, an HIV-1 virus bearing the mutation L100I in the reverse transcriptase enzyme is completely resistant to the inhibitory effects of 3G11, suggesting that reverse transcriptase is the genetic determinant for HIV-1 sensitivity to the small-molecule 3G11. Overall, our results showed that the novel 3G11 inhibitor binds to the HIV-1 capsid and blocks reverse transcription.
